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Abstract: The use and development of titanium and titanium alloys have been strongly correlated to 
high technology industries where costs are not the most important aspect. Titanium could see its 
market grow by the application of lower cost and more efficient processing methods such as powder 
metallurgy. This work deals with the characterisation of two types of powders: commercial prealloyed 
powder and powder produced from master alloy combining mechanical milling and conventional 
blending to adjust the particle size. The characteristics of the powders, sintering behaviour and final 
properties of the parts indicate that the master alloy approach leads to better compressibility than the 
prealloyed powders and, therefore, to lower dimensional change during sintering. The most important 
result is that it is possible to obtain Ti alloys with properties similar to or better than alloys from 
prealloyed powders and to obtain homogeneous microstructures, which allows the composition to be 
adjusted 
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Introduction
Since Kroll found out a process to reduce titanium ore
into the pure metal,1 there have been many attempts to
develop a more efficient and less costly reduction process,
but both the Kroll and the Hunter processes, the latter a
variant of the former process that employs Na instead of
Mg,2 remained for many years as the only options to
obtain titanium in metallic form. However, new processes
have been developed in the last two decades, such as the
International Titanium Powder/Armstrong process2,3
and the Fray–Farthing–Chen Cambridge process,4 also
known as the electrodeoxidation process.5
Titanium is the fourth most abundant structural metal
and has an outstanding combination of properties that
include the highest strength/density ratio, excellent
biocompatibility and corrosion resistance. Nevertheless,
titanium and titanium alloys are still employed mostly in
high technology industries where the final cost is not the
most important issue. Titanium can be forged or wrought
by standard techniques, but it may be also processed by
means of powder metallurgy (PM) methods. Actually,
PM processes have been employed for the fabrication of
titanium products since the 1970s,6 but were conditioned
by the high extraction cost of the Kroll’s process.
 alloy powders.7 Plasma atomised spherical powders are 
suitable for advanced PM techniques, such as
hot isostatic pressing or metal injection moulding.8
The HDH route is a milling process applicable for
the fabrication of titanium powders9 that relies on 
the crushing of relatively brittle material to obtain
irregular or angular powder suitable for rigid die
consolidation.
There are essentially two classical PM approaches:
prealloying (PA) and blending elemental. The combina-
tion of the conventional cold uniaxial pressing and
sintering route with the blending elemental approach
results in the most economic way to obtain PM titanium
components.10 The use of master alloys instead of
elemental powders is a lower cost way to introduce the
alloying elements, but the characteristics of the raw
materials have to be modified to be processed by
conventional PM methods.
There has already been some researches on using the
blending elemental approach to obtain titanium alloys,
mainly Ti–6Al–4V, starting from either titanium sponge
powder or titanium hydride with particle sizes lower
than 100 mm,11–14 or 150 mm.15,16
In this work, two compositions, Ti–6Al–4V and Ti–
3Al–2?5V, were prepared by combining mechanical
milling and conventional blending to obtain the
composition required to study the influence of the
Among the titanium powder production processes,
the plasma atomisation and the hydride–
dehydride (HDH) processes are two of the most
commonly employed for manufacturing titanium
1
powder production route on the properties of the
powder, as well as the applicability of the conventional
press and sinter process to titanium PM products.
Experimental
Materials
For this study, two titanium alloys were selected: Ti–
6Al–4V, for which the alloy produced by conventional
ingot metallurgy has been well studied, and Ti–3Al–
2?5V. The Ti–6Al–4V alloy was produced from two
types of powders: a commercial HDH prealloyed
powder containing the final composition required
(Ti64-PA) and by conventional blending of elemental
Ti powder, elemental Al powder and a commercial Al/V
alloy (Ti64-MA). The preparation is described in more
detail in the next section. Table 1 shows the composition
and physical properties of the elemental powders and
master alloy used, as provided by the suppliers; further
characterisation was performed as described in the
section on ‘Preparation and characterisation of pow-
ders’. The same powders were used for preparing the Ti–
3Al–2?5V alloy by conventional blending with HDH Ti
powder.
Preparation and characterisation of powders
For the preparation of the Ti–6Al–4V alloy, an Al/V
master alloy was used, whose big particle size
(,6?3 mm) was reduced by means of high energy milling
(HEM). For the milling step, the right ratio of Al/V
alloy, elemental Al spherical powder, a small amount of
elemental HDH Ti powder and the grinding media
(tungsten carbide balls) were loaded into a tungsten
carbide container. Milling was carried out in a Fritsch
pulverisette mill under an inert gas atmosphere (Ar) to
avoid or at least minimise oxidation and nitridation
during milling, and a ball/powder weight ratio of 5 : 1
and speed of 400 rev min21 were used. To prevent
welding of the powder to the vessel or to the grinding
media, a small amount of wax (1% of the total weight)
was added as a process control agent (PCA). During this
part of the study, powder samples were collected every
15 min for up to 2 h to measure the particle size
distribution. The optimum milling time was determined
to be 1 h, which led to powders with the correct ratio of
Al/V (60 : 40) and particle size smaller than 63 mm. This
powder was considered to be suitable for blending with
the elemental Ti powder to produce the Ti–6Al–4V
alloy. The conventional blending step was carried out in
a Turbula mixer for 30 min.
The Ti–3Al–2?5V alloy was produced by blending
elemental HDH Ti powder with the Ti–6Al–4V HDH
prealloyed powder to form the Ti32 prealloyed (Ti32-
PA) powder and with the Al/V master alloy (60 : 40)
produced by HEM to form the Ti32 master alloy (Ti32-
MA) powder. In both cases, the blending was performed
in a Turbula mixer for 30 min.
Figure 1 shows a scheme of the powder production
route employed, including the raw materials and mixing
techniques. It is important to remember that HEM was
only used to grind the Al/V (35 : 65) master alloy to
reduce its particle size distribution and adjust its
composition to be mixed with pure titanium.
The powders used as raw materials and the powders
prepared were characterised by different techniques: a
Mastersizer 2000 laser beam analyser was used to
determine the particle size distribution, a LECO TC
500 was used to measure the content of O (ASTM E
1409) and N (ASTM E 1937), and a LECO CS 200 was
used to measure the content of C (ASTM E 1941).
Helium pycnometry was used to obtain the density of
the powder, and a Hall (MPIF 04) or a Carney (MPIF
28) apparatus was used to measure the apparent density
and the flowrate (MPIF 03).
Optical microscopy and scanning electronic micro-
scopy (SEM) were also used to study the particle shape
and microstructure. Other important properties, such as
the compressibility (MPIF 45) and the green strength
(MPIF 15), were measured by ranging the consolidation
pressure from 300 to 700 MPa using a conventional
hydraulic uniaxial press to prepare the specimens.
Powder metallurgy processing and
characterisation of sintered materials
The powders were uniaxially pressed into rectangular
shaped specimens by means of a floating die using zinc
stearate as die wall lubricant and the most appropriate
pressure previously determined. A sinterability study
was carried out by varying the processing temperature
from 900 to 1400uC and keeping the dwell time constant
at 2 h. Samples were sintered in a tubular furnace under
Table 1 Chemical composition and physical properties of starting powders (suppliers’ specifications)
Material
Element, wt-%
Shape Size, mmTi Al V O N H C Fe
Ti–6Al–4V (HDH) 88.85 6.62 4.57 0.55* 0.5* 0.3* … 0.02 Irregular ,75
Pure Ti (HDH) 99.6 … … 0.31 0.008 0.005 0.007 … Irregular ,75
Al/V (35 : 65) … 35{ 65{ 0.300* 0.050* 0.020* 0.050* 0.500* Irregular ,6.3
Pure Al (atomised) … 99 … … … … … … Spherical ,150
*Maximum values.
{Mean values.
1 Scheme of powder production route employed to fabri-
cate Ti–6Al–4V and Ti–3Al–2?5V titanium alloys
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a vacuum level of y1025 mbar using a heating and
cooling rate of 5uC min21.
The sintered samples were characterised in terms of
relative density, dimensional change (MPIF 44) and
microstructure. Moreover, mechanical properties, such
as the HV30 hardness, transverse rupture strength
(TRS) and flexural strain, as measured by the three-
point bending test (MPIF 41), were also determined.
Results and discussion
Powder characterisation
Table 2 summarises the particle size distributions,
interstitial element contents (oxygen, nitrogen and
carbon), densities and flow properties of the powders.
From Table 2, it can be seen that the four powders
have similar particle size distributions, i.e. similar values
of D10, D50 and D90 where the commercial prealloyed
powder Ti64-PA has the smallest particle size (,75 mm).
Nitrogen content is y0?01 wt-%, and oxygen content
is y0?4 wt-% for all the alloys except for the Ti32-MA
powder, which has a lower O percentage most probably
due to the lower oxygen percentage of the HDH powder
used to fabricate it (Table 3). Carbon content is
significantly lower for the prealloyed powders (Ti64-
PA and Ti32-PA) than for the powders produced from
master alloy addition, due to the wax used as PCA
during milling that remains mixed with the powder (see
Table 3). The Ti32-MA alloy, which has half of the
amount of master alloy as compared to the Ti64-MA
alloy, has approximately half the C content of the Ti64-
MA alloy.
The densities of the PA powders measured by the
helium pycnometer, which were kept as references for
the calculation of the relative density, are similar to the
values found in the literature for the wrought products
(4?43 and 4?48 g cm23 for Ti–6Al–4V and Ti–3Al–2?5V
respectively).17 Compared to PA powders, the densities
of the MA powders are somewhat lower, which is
probably due to the fact that, during these measure-
ments, the powders still contained the wax used as PCA
for the milling of the master alloy.
Measurements of the apparent densities and flowrates
by means of the Hall apparatus failed due to the
morphology of the powder. The apparent densities were
therefore measured by Carney apparatus with the help
of a wire to agitate the powder to promote powder flow
(MPIF 28). The values obtained are very similar for the
two PA powders and lower than those for the MA
powders. This observation can be explained based on
the particle size distribution of the milled master alloy
and the pure titanium starting powder shown in Table 3.
Because the master alloy has a slightly lower particle size
than HDH Ti, its particles fitted in between the bigger
particles, leading to better packing and, therefore, higher
apparent densities.
Scanning electron microscopy was used to examine
the morphology and microstructure of the powders
(Figs. 2 and 3).
Both the prealloyed and master alloyed titanium
powders were obtained by the HDH method; hence,
they are angular or even irregular in shape (Fig. 2),
which accounted for why they do not flow in the Hall
apparatus.
During the microstructure analysis of previously
grinded, polished and etched samples, the various
elements in the final alloy, namely, pure titanium, pure
aluminium and master alloy, were identified by means of
the energy dispersive spectroscopy technique (Fig. 3).
The microstructure of the Ti64-PA consist of equiax-
ial a and azb grains, as expected from the composition.
The Ti32-PA powder was obtained by mixing Ti64-PA
powder with elemental Ti powder, as shown in Fig. 3a,
where the two types of particles with slightly different
contrasts can be distinguished. In the image correspond-
ing to the Ti64-MA alloy (Fig. 3b), the powders that
composed the alloy can be seen. The brightest particles
Table 2 Physical, chemical and technological properties of titanium alloy powders
Ti alloys Ti64-PA Ti64-MA Ti32-PA Ti32-MA
Production method PA* MA{ PA* MA{
Morphology Irregular Irregular Irregular Irregular
Particle size analysis Dmax, mm ,75 ,106 ,90 ,90
D10, mm 12.67 17.85 16.25 17.22
D50, mm 31.78 42.94 38.79 39.00
D90, mm 69.44 95.17 78.63 79.65
Chemical analysis O, wt-% 0.418 0.428 0.402 0.337
N, wt-% 0.0072 0.0121 0.0101 0.0118
C, wt-% 0.0124 0.1050 0.0120 0.0666
rHe{, g cm
23 4.4146 4.3702 4.4560 4.4410
rapp Hall1, g cm
23 … … … …
Flowrate, s/50 g … … … …
rapp Carney1, g cm
23 1.47¡0.008 1.84¡0.006 1.48¡0.006 1.91¡0.006
*Prealloyed.
{Master alloy addition.
{Density measured by He pycnometry.
1Apparent density by Hall or Carney.
Table 3 Chemical analysis and particle size distribution
of HDH titanium and fabricated Al/V (60 : 40) used
as starting materials to obtain desired final
alloys
Material Ti Al/V (60 : 40)
Chemical analysis O, wt-% 0.272 1.16
N, wt-% 0.0159 0.0384
C, wt-% 0.0202 0.792
Particle size analysis Dmax, mm ,75 ,63
D10, mm 17.31 2.46
D50, mm 37.59 12.61
D90, mm 72.59 55.81
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with dark shadows correspond to pure titanium, the
darkest particles correspond to pure Al or Al mixed with
the Al/V master alloy, and the grey particles correspond
to the master alloy Al/V (35 : 65). The individual
elements are still distinguishable because the Ti64-MA
and Ti32-MA alloys were produced by conventional
blending, and the milling was carried out only to reduce
its particle size and adjust the final composition and not
to produce a master alloy or a prealloyed powder.
Compressibility test was performed for the different
powders by varying the pressure from 300 to 700 MPa,
and the results obtained are shown in Fig. 4.
From Fig. 4, it can be seen that the PA powders have
lower compressibility than MA, as expected. The PA
powders are much more brittle and less deformable
because the alloying elements are already dissolved into
the Ti. However, it is interesting to note that the Ti32-
PA powder, which was fabricated by mixing elemental
HDH Ti powder and Ti64-PA powder, has lower
compressibility than the Ti64-PA powder. This lower
compressibility is due to the small mismatch in particle
size distribution between the raw powders and the
slightly lower nitrogen content18,19 of the Ti64-PA
powder compared to the elemental Ti powder. The
Ti32-MA powder has a better behaviour under pressure
than the Ti64-MA powder, which can be related to the
better apparent density or the lower oxygen content18,19
of the Ti32-MA alloy. In this case, the carbon content
does not affect the compressibility and mechanical
properties of the powders because it is not dissolved in
the material. A good compressibility is one of the most
important factors for powders to be used in conven-
tional PM routes because the higher the green density,
the lower the shrinkage of the part during sintering,
which results in a smaller dimensional change in the final
shape of a component.
a b
2 Morphologies as determined by SEM for a Ti64-PA and b Ti64-MA powders
a b
3 Scanning electron microscopy metallographic cross-sections of a Ti32-PA and b Ti64-MA powders
4 Compressibility curves of powders studied 5 Relative density versus sintering temperature
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A three-point bending test was used to determine the
green strength as a function of the consolidation
pressure for the titanium alloy powders. Ranging the
pressure from 300 to 700 MPa, the green strength
increases from 5 to 25 MPa. As expected, the green
strength increases with the compaction pressure, and the
strengths obtained guarantee the handling of the
components even at 300 MPa.
Based on the results shown, an optimum compaction
pressure of 700 MPa was chosen for the MA powders,
whereas the compaction pressures were limited to 400
and 300 MPa for Ti64-PA and Ti32-PA respectively.
This limitation was dictated by the need to avoid
fracturing at the corner or delamination phenomena on
the bottom of the specimens, as well as to lower the
friction and the wear with the wall of the die.
Sinterability study
Once the compaction pressure was optimised, the
powders were uniaxially cold pressed into specimens
with the shape and dimensions normalised for
three-point bending test and sintered under the same
conditions between 900 and 1400uC. In the case of the
MA powders, a dwell time of 30 min at 300uC was
employed to eliminate the wax used as PCA during
milling.
Figure 5 shows the results of the relative density
versus the sintering temperature for the processed
materials.
As expected, the relative density of the samples
(Fig. 5) increases with the sintering temperature, reach-
ing the maximum value at the highest temperature and
showing an asymptotic behaviour. Generally, the typical
relative density for titanium PM samples processed by
conventional techniques (94%)14,20 can be obtained by
selecting a specific sintering temperature for each of the
alloys investigated. Titanium alloys produced from MA
powders reached slightly higher densities than PA
powders because they started from a higher green
density.
A study of the evolution of the microstructure with
the sintering temperature was conducted by SEM, and
some results are reported in Fig. 6.
From Fig. 6, it can be seen that at low temperatures,
the alloying elements, either master alloy or elemental
powder, are not completely diffused through the
titanium matrix, but once sintering temperature is above
1100uC, the alloying elements are completely diffused as
backscattered electron SEM images and XRD analysis
confirm. Moreover, at this processing temperature, there
are already distinguishable white a/b grain boundaries
because it is higher than 996uC, the nominal b transus
temperature for the Ti–6Al–4V alloy.17 The same
behaviour for the evolution of the microstructure was
found for Ti32 alloys, and it is reasonable considering
that the relative percentage of alloying elements that has
to diffuse is lower. There were no issues of undiffused
a b
dc
a 900uC; b 1000uC; c 1100uC; d 1200uC
6 Evolution of microstructure with sintering temperature for Ti64-MA alloy analysed by backscattered electron
7 Dimensional change of alloys studied as function of
sintering temperature
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elements with the prealloyed powder because each
particle already has the final desired composition.
Even though the specimens were compacted at
different pressures, they reached comparable final
relative density values. Hence, the shrinkage induced
by sintering, which is shown in Fig. 7, was analysed.
As shown in Fig. 7, the shrinkage of titanium
alloys increases with the sintering temperature, but there
is a less significant increment when raising the tempera-
ture from 1200 to 1400uC, which could indicate that a
great amount of thermodynamic energy available is
spent to promote grain growth instead of densification
above 1200uC. Moreover, it is worth mentioning that
the PA materials show much higher volume shrinkage
(as high as 25%) than the MA materials, and the
Ti32-PA alloy exhibited slightly higher volume shrink-
age than the Ti64-PA alloy due to the lower compaction
pressure used.
Figure 8 shows the residual porosity as well as
microstructural features for the Ti64-PA alloy sintered
at different temperatures analysed by SEM in the
secondary electron mode.
At 900uC (Fig. 8a), the formation of the sintering
necks is still under development, the boundaries between
different particles are still visible and the porosity is
mostly interconnected. At 1000uC (Fig. 8b), the inter-
particle boundaries are no longer distinguishable, and
the residual porosity is still interconnected and com-
pletely irregular in shape. At 1100uC (Fig. 8c), the total
porosity is much lower and the pores are isolated and
more spherical. At 1400uC (Fig. 8d), the percentage of
residual porosity decreases, which is in agreement with
the relative density results, but the pores are bigger in
size, predominantly spherical in shape and isolated,
which is the typical behaviour of the intermediate stage
of sintering.21 From the microstructural analysis, it also
a b
dc
a 900uC; b 1000uC; c 1100uC; d 1400uC
8 Images (SEM) in secondary electron mode, showing residual porosity of Ti64-PA alloy sintered at different
temperatures
9 Hardness HV30 of alloys studied as function of sinter-
ing temperature
10 Transverse rupture strength as function of sintering
temperature
6
seems that increasing the temperature from 1100 to
1400uC results in grain growth.
Another indicative property that can be used to
monitor the evolution of a PM material with the
sintering temperature is the hardness. In this work, the
HV30 hardness was considered, and the results are
shown in Fig. 9.
As expected, the hardness (Fig. 9) increases with the
processing temperature in exactly the same manner as
the relative density, and the MA alloys reach higher
hardness values, indicating that the MA approach is an
economical and viable way to obtain cheaper titanium
products.
For both the Ti64 and Ti32 alloys, independent of the
powder production method, a minimum temperature of
1200uC has to be reached to achieve the hardness of the
wrought products, which is equivalent to 330 and
260 HV30 for the Ti64 and Ti32 alloys respectively.17,22
This result is remarkable because a 1200uC sintered alloy
corresponded to a material with y92% of relative
density (Fig. 5) where the microstructure is fully
developed (Fig. 6), instead of a fully dense wrought
material. The high hardness of the less dense alloy is
most probably related to the higher oxygen content of
the starting powder compared to the nominal composi-
tion of these alloys.17,22
The TRS obtained by the three-point bending test and
the maximum flexural strain are presented as a function
of the sintering temperature in Figs. 10 and 11
respectively.
The strength (Fig. 10) of the sintered materials
increases with the processing temperature, but there is
a drop above 1200 and 1300uC for the Ti64 and Ti32
alloys respectively. This drop is most probably due to
grain growth at higher temperatures, which lowers the
strength, since the shrinkage is almost constant above
1200uC (Fig. 7), and therefore, the thermal energy
promoted grain growth instead of densifying the
material. When comparing the production routes, it
can be seen that the Ti64-PA has a better mechanical
strength than Ti64-MA, and Ti32-MA alloy has a higher
resistance than Ti32-PA. This result can be explained by
considering the amount of interstitial elements18,19,23 of
the starting powders, especially the oxygen content. The
maximum TRS values ranged from 1500 to 1700 MPa,
and minimum TRS values ofy600 MPa were obtained.
From Fig. 11, it can be seen that flexural strain
increases up to a certain temperature (1200uC for Ti64
alloys and 1300uC for Ti32 alloys), and then it drops. It
is well known that the ductility of titanium is
significantly influenced by the chemical composition,
a b
dc
a Ti64-PA; b Ti64-MA; c Ti32-PA; d Ti32-MA
12 Microstructure obtained by light optical microscopy of materials sintered at 1200uC
11 Flexural strain obtained in three-point bending test
versus sintering temperature
7
where the lower the oxygen content, the higher the
ductility, but the drop in the material deformation at the
highest temperatures could also be related to the grain
growth. For the Ti–3Al–2?5V alloys sintered at 1300uC,
a flexural strain as high as 3?5–4% was obtained, which
is very promising, and further tensile test investigations
should be conducted.
Finally, Fig. 12 shows optical microscopy microstruc-
ture images of an etched specimen for each alloy.
The optical microscopy study shows that, for tem-
peratures higher than 1100uC, the typical lamellar
microstructure of near a and azb titanium alloys is
fully developed and composed of large a grains and
acicular azb lamellae at the grain boundaries.24
Moreover, when comparing the powder production
routes, it can be seen that PA alloys are characterised
by smaller and thicker basket weave or Widmansta¨tten
areas, and their percentage is significantly lower than
that of the MA alloys. Uniform and homogeneous
microstructures were obtained regardless of the alloy or
the production method.
Conclusions
Ti–6Al–4V and Ti–3Al–2?5V titanium alloys were either
purchased or produced by the master alloy blending
elemental approach using a HEM step to adjust the
composition and the particle size of the master alloy
used as raw material. The following conclusions can be
stated.
1. The chemical compositions of all the alloys are
very similar. Only Ti–3Al–2?5V produced by the master
alloy approach has a slightly lower oxygen content. The
powders fabricated by master alloy addition have a
higher percentage of C, primarily due to the production
route employed. However, this element does not affect
the compressibility or the mechanical properties in the
green state because it is not dissolved inside the matrix.
2. Alloys produced by the blending elemental
approach, in particular by master alloy addition, have
better compressibility because the prealloyed powders
are harder due to the formation of a solid solution.
Nonetheless, no significant differences were found in
terms of the green strength, and the green products can
be handled without problems in the range of compaction
pressures investigated.
3. A minimum temperature of 1100uC has to be
reached to guarantee complete diffusion of the alloying
elements in the case of master alloy addition.
4. The constituents of the microstructure are a grains
of different sizes and orientations and azb lamellae
placed at the grain boundaries typical of the
Widmansta¨tten microstructure. For master alloy addi-
tion alloys, the basket weave areas are higher in relative
amount, bigger in total size and lower in lamella
thickness because the alloying elements have to diffuse
inside the matrix, which used up energy normally
available to form equilibrium phases.
5. Transverse rupture strength and flexural strain
increase with the sintering temperature up to a specific
temperature (1200 and 1300uC for Ti–6Al–4V and Ti–
3Al–2?5V respectively) and then drop markedly, most
probably due to the grain growth induced by the
increase in the processing temperature.
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